Background: Joint effusion is a significant cause of disability worldwide. Practical assessment and diagnosis can avoid the secondary damage caused by the effusion. Nowadays, bioimpedance spectroscopy (BIS) is an emerging tool to differentiate biological tissue characteristics between normal and illness conditions. Objective: This paper aims to verify the feasibility of the five-section BIS method in evaluating joint effusion in rats. Methods: The joint effusion usually locates near the articular cavity in the form of ion solution. The joint effusion will significantly change the low-frequency bioimpedance of limbs, which reflected in the change of extracellular water (ECW) impedance. The five-section impedance model is designed depending on the body structure of the rat, and the trunk and limbs are equivalent to five impedance area. According to the Cole model, the impedance values at direct current and infinite frequency are calculated by using curve fitting, and the impedance of extracellular and intracellular water (ICW) can be obtained. The impedance of limbs and soma can be calculated by solving the impedance model equations. The measurement results of healthy limbs are used to assess the sick degree of the effusion joint. In the experiment, the saline solution has been injected into the left lower limb joint as the joint effusion. Results: The low-frequency impedance has a significant increase after the knee injection. By comparing the impedance of healthy limbs and the effusion limb, the impedance change of the effusion limb is more significant than the healthy limb. The impedance relative change parameter K is used to evaluate the degree of effusion. Conclusion: The experiment results show that the sectional bioimpedance spectroscopy could evaluate joint effusion. The rat five-section model can provide a reference for the diagnose, and this method reduces the difficulty in the equipment popularization.
I. INTRODUCTION
Joint effusion is one of the most common clinical diseases and occurred mostly in arthritis, sports injury, and the side effects of the drug [1] . The main component of the joint effusion is the excretion of pathological tissue, and the effusion exists in the form of the solution [2] . Joint effusion can lead to organization fibrosis and malignant lesions, and acute effusion will impede motor function [3] . Most of the effusion form secretion of diseased tissue and exist as the solution in the joint [4] . The effusion can affect the athletic ability of leg muscles during exercise, and the incomplete muscle power will cause more severe injuries. In the clinic, the usual joint effusion The associate editor coordinating the review of this manuscript and approving it for publication was Sing Kiong Nguang .
inspection is limited to a qualitative perspective based on the experience of the doctors [5] . The general medical tests (Ultrasound, MRI) for joint effusion aim at generating a diagnostic for doctors and patients [6] but are less commonly used because they are expensive and time-consuming. Beyond necessary medical facilities or in the home, large medicine instrument is hard to popularize. The other major problem is that the professional diagnosis cannot be achieved without the doctor. In recent years, the bioimpedance measurement technology is used in the portable athletic injury monitor or knee osteoarthritis [7] - [9] . This method can continually and dynamically detect the impedance of the knee. The ubiquitous joint health assessment technology would enable personalized detection and long-term monitoring when it is safe to use the device. However, the diagnostic reference of VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ effusion assessment is still a problem when the bioimpedance measurement is used extensively. Developing novel, available technology for joint effusion detection would enable personalized, feedback treatment effect for patients, then optimized treatment method and would provide a basis for diagnosing when the patient completed a therapeutic process. In this paper, sectional bioimpedance spectroscopy is used to detect the impedance of extracellular fluid and intracellular fluid separately. The effective of sectional impedance detection is verified by comparing the impedance change of all limbs after the left lower limb injection. Specifically, the fivesection model has been built based on the body detail of rats, and this model includes limbs and the trunk. The bioelectrical impedance between any two limbs of all limbs is measured at the frequency range from 10 Hz to 30 kHz. The impedance of intracellular and extracellular fluid (every frequency sweep measurement) can be calculated by using the BIS method [10] , [11] . The impedance results of each limb can be obtained by solved the linear algebraic equations of the sectional structure model. The measurement results of three healthy limbs are set as the reference to judge the impact of effusion on the impedance of the left lower limb.
The results showed that the extracellular fluid impedance of the left lower limb has an apparent decrease (P<0.05) relative to the healthy limbs after the injection. The parameter K presented in this article can estimate the degree of existing effusion. The sectional BIS can provide the design strategy for the pervasive devices of effusion detection.
II. MATERIALS AND METHODS

A. BIO-IMPEDANCE OF RAT TISSUE
The primary element of effusion includes ion solution, protein, and some blood component. The effusion has a similar electrical characteristic to the extracellular fluid. The effusion accumulates in the area of the joint, as shown in Fig. 1 . The direct current can simultaneously pass through the effusion and ECW. The low-frequency current cannot pass through the cytomembrane (the tissue expresses the high impedance because the cell membrane exists the capacitive reactance). The current can pass the effusion and tissue when the current frequency increases gradually. It is clear that the effusion directly affects the impedance of extracellular water in the limb. This feature is the fundamental of BIS measuring the impedance of effusion in the limb. The bioimpedance analysis of rat limbs is carried out by using the four-electrode system. The conductivity (σ ) and permittivity (ε) of the biological tissue have a relation with the frequency of the drive signal. In the biological medium, the relative permittivity gets decreased with the increase of frequency, while the displacement current increases. These complex frequency-dependent behaviors of the biological tissue are divided into α, β and γ dispersion.
The α-dispersion usually occurs in the frequency range from a few Hz to a few kHz. The majority current passes the extracellular region, and the current conduction is in the form FIGURE 1. The distribution of current in joint with effusion. In the region of the limb with effusion, the effusion accumulates around the articular cavity as the status in the dotted box. The direct current can simultaneously pass through the effusion, and ECW (the current with a complex path in the tissue can be seen the expression of higher bioimpedance), and the high-frequency current passes the effusion and tissue. This is the rationale of BIS to measure the weight of effusion in the limb. of ion motion. At the same time, because of the capacitive reactance of the membrane, a small amount of current can pass through the cell membrane. It is associated with the ionic diffusion phenomena across the cell membranes as the frequency increases. The 'β' dispersion (from few kHz to MHz) is caused by the Maxwell-Wagner effect, which makes the drive current partially entry into the cell membrane and intracellular fluid. The 'γ ' dispersion is mainly a result of the polarization effect of water molecules present, and it occurs at microwave frequencies. In general, the αand β-dispersions are more suitable to study the bioelectricity parametric of the biological tissue. [12] . Therefore, in this paper, the sweep frequency measurement work in the frequency range 10 Hz-30 kHz, which may include α-dispersion and a part of β-dispersion [13] .
B. COLE-COLE MODEL
The Cole-Cole equation is a relaxation model that is used to describe dielectric relaxation in the biological tissue. In this model, the tissue can be represented using a series-parallel circuit model (Fig 2) . In one branch of the circuit, the resistance (R e ) expresses the impedance of ECW. In the other arm, the tissue in the high-frequency area is equivalent to resistance (R i ) components in series with capacitance (C m ). The model describes biological tissue using the empirical equation (1) , and this equation is proposed based on the extensive experimental data [14] . The track of the Cole-Cole model is a semicircular curve on the complex plane (Fig 3) , and the central point locates below the horizontal axis. This curve is consistent with the plotted curve of the measurement data.
where Z (ω) is the complex impedance of tissue, R0 is the direct current impedance, and R ∞ is the infinite frequency impedance value. The angular frequency (ω) is defined by ω = 2π f (f = Frequency) with the imaginary unit j.
The parameter α takes values between 0 and 1 and makes the semicircle of the Cole plot in the Wessel diagram to be depressed. The smaller the value of α, the more depressed is the semicircle. τ is the time constant associated with the characteristic frequency. In this equation, R 0 and R ∞ as the unknowns can be solved by using the curve fitting based on the experiment result. The total impedance is dominated by the impedance of ECW at low frequency, on account of the parallel principle.
With the increase of current frequency, the current can move across cell membranes and the ICW. The total measurement impedance is the parallel resistance of R e and R i when the frequency of drive current is infinite. In the two equations with two unknowns, the impedance of ICW and ECW can be solved by the circuit parallel formula. The approximate value of total impedance can be defined as:
The solving equations of ECW resistance (R e ) and ICW resistance (R i ) show as following:
C. FIVE-SECTION IMPEDANCE MODEL OF RAT
The key to the BIS method in evaluating the degree of the effusion is the judgment basis. In the existing technique, the continuous measurement result before and after the lesion is analyzed to build the relationship between disease and impedance change. The bioimpedance detection need criterion in measuring the existing effusion. The impedance information of the healthy limb is the ideal reference source. For the rats in the experiment, the two upper limbs and the right lower limbs of rats can be set as the reference object when the left lower limb is served as the effusion limb. The five-section impedance model is built based on the structure of the rat [15] ( Fig 4) . In this model, the limbs and trunk are equivalent to five impedance parts, and the electrode points located on the end of the limbs. The boundaries between trunk and limbs are generated in the impedance calculation, and this feature can avoid the measurement error of electrodes placement during the separate measurement of all limbs. The electrodes do not need to move in the whole measurement process. Any two of all limbs can form a four-electrode system to measure the impedance spectrum of all trunk plus limb group. In Fig 4, the I i is the injection point of drive current, and the U i is the voltage monitoring points. The measured impedance Z i is defined as:
where Z can be expressed by the resistance and reactance of tissue in equation (1), j is the imaginary unit in cartesian coordinates. Equations (6) and (7) are the amplitude and phase angle, respectively.
In the detection, the impedance of all limbs (effusion limb and health limbs) will be measured at a measurement process. In the five-section model, six sweep-frequency measurements have been completed to obtain desired measurement results. The whole body of rat is divided into five resistances, Z 1 , Z 2 for left and right upper limbs, Z 3 , Z 4 for left and right lower limbs, Z 5 for rat trunk resistance.
The drive electrode always located on the bottom of the limb relative to the voltage measuring electrode, and the electrodes in one limb with the electrodes on another limb can form the four-electrode measuring system. Four-electrodes method is used to measure the series impedance of limb and limb or trunk and limbs. The impedance of six paths is expressed by Z (i,j) (Z 12 , Z 13 , Z 14 , Z 23 , Z 24 , Z 34 ), and the subscript of Z represents the serial number of limbs. The Z 0 (impedance in DC) and Z fin (impedance in Infinite frequency) can be calculated by fitting the result of impedance spectrum measurement. The calculation results are the impedance of different combinations of trunk and limbs. Two equation sets (8) and (9) can describe the relationship between Z ij (direct current and infinite frequency) and the impedance of all limbs and trunk:
In theory, five unknown parameters only need five independent equations. In calculation, the Z 14 and Z 23 are both substituted into the formula to improve the detection accuracy of the trunk region. The impedance of all limbs and trunk is obtained by solving the linear equation sets (10) and (11), the resistance of every part shown as follows:
The results of Z 0−1∼5 and Z ∞−1∼5 are the impedance values of all limbs and trunk at direct current and infinite frequency.
The calculation result of Z 0 is equivalent to R 0 , which is the resistance of extracellular. Similarly, Z ∞ is the total resistance of the limb (R ∞ ).
III. MEASUREMENT
This experiment is approved by China Medical University
Application for Laboratory Animal Welfare and Ethical committee. The experiment is operated according to GB (GB/T 35823-2018 General requirements for animal experiments) and EU laboratory animal protection law (86/009/EEC). The rats in this experiment are SD (Sprague Dawley) system experimental rats. The information and physiological parameter of experimental rats are shown in Table 1 . In the process of experiment, rats have been under breath anesthesia with the anesthesia machine. The anesthetics in the anesthesia machine is isoflurane. The joint saline injection is similar to muscle injection, and the saline will be absorbed by physiological metabolism within two to three days. The technical difficulty of injecting is the location consistency of normal saline and the joint effusion. In the experiment, the location of the joint is obtained by touch, and the entry needle keeps still when the needle touches the joint. Five experiment rats have been used as a measuring object to verify the sensitivity of the sectional joint effusion detection method. The rat is anesthetized during the procedure of detection. The anesthesia machine is used to keep the rats with inhalational anesthesia. The needle electrodes are fixed on the acrylic detection board as electrode pair, and the electrode board is located on the limb (Fig 5) . Every two of four detection boards will form a four-electrode measuring system, the number of no correlation electrodes combination is 6. The impedance analyzer (the Solartron 1260 impedance/gain-phase analyzer (Solartron Analytical, Farnborough, UK), the 1294A impedance measurement interface system (Solartron Analytical, Farnborough, UK) and the ZPlot R software (Scribner Associates Inc., Southern Pines, NC, USA)) are used with sweeping-frequency mode to measure the impedance. The measurements have been obtained at the frequency range from 10 Hz to 30 kHz. Normal saline (isotonic pressure, σ = 16 mS/cm) is injected into the joint of the left low limb as the effusion, and the injected volume of normal saline is 0.4 ml, 0.8 ml, and 1.2 ml (Fig 6) . The normal saline is injected after the measurement, and a sweepingfrequency process can be completed in twenty minutes.
IV. RESULT
The impedance values of extracellular and intercellular fluid can be obtained from the experiment results. The normal distribution of the data was tested using the Shapiro-Wilk test. For all tests, statistical significance was set at P<0.05. The results are expressed as the means ± SD. The R (e1∼4) represents the impedance of ECW; similarly, the R (i1∼4) is the impedance of the ICW. The ECW impedance values of the left lower limb using different effusion volumes are shown in Fig 7. The whole variant trend of impedance is declining with the increase of injection volume. The impedance values of effusion limbs are significantly different from the limbs in healthy (P < 0.01). The ECW impedance change becomes apparent when the volume of saline injection reaches to 1.2 ml. The effusion increases the volume of the left lower limb, and the increased volume can reduce the impedance. The feature of impedance change follows the law of resistance. The result of ECW impedance indicates that the effusion can directly influence the impedance performance of ECW. The average ECW impedance of all rats in the experiment is shown in Fig 8. The resistance curves of left lower limbs have apparent decline compared to the other healthy limbs at the process of experiment. The ECW impedance of the other three limbs is stable when the left lower limb was injected with different volume effusion. The effusion in the sick limb has almost no impact on the impedance of the healthy limbs. Fig 9 shows the calculation result of ICW impedance. The ICW impedance of the left lower limb has no significant difference compared to other limbs. The impedance of lower limbs is lower than the upper limbs, and this is because the lower limbs have large tissue volume. The more tissue, the limbs have a larger conductive section area. The ICW impedance cannot provide sufficient information in estimating the effusion. The ECW impedance change of the left lower limb with different effusion volumes is shown in Fig 10. In the figure, the impedance change of the left lower limb is calculated relative to the health left lower limb. The impedance of the weak limb and the effusion volume are related. The experiment results show that the effusion can directly affect the impedance of ECW in the weak limb, and the effusion almost has no impact on the impedance of ICW. This feature is the basis of effusion evaluation using the BIS method.
The sectional BIS method evaluates the effusion by measuring the impedance of ECW. In practical measurement, the diagnose of existed effusion need a reference standard. According to the basic principle of the five sections model, the ECW impedance of the corresponding healthy limb can be the reference value. For example, in this paper, the weak limb is left lower limb, so the right lower limb is set as the reference limb. The relative change value (K ) of ECW impedance is used to express the degree of effusion. The parameter K is defined as:
where the Z L and the Z R is the ECW or ICW impedance of the weak limb and the healthy limb, and K is the ratio of impedance change value of two limbs to the average impedance. The K value with different volume effusion is shown in Fig 11. The result includes the ratio of ECW and ICW in lower and upper limbs. The ratio value of sick and the healthy limb is higher than the ratio of the healthy limbs, and the amplitude of parameter K increases with the increase of the effusion volume. The measurement result of the sectional BIS method can serve as the assessment method of the effusion, and this method can provide a reference in the design of simple effusion evaluation equipment. . The effusion assessment parameter K of upper and lower limbs in varying degree effusion. The abscissa expresses the four stages of the joint injection process. In the 0 ml part, the parameter K is the ICW and ECW ratio of the upper health limbs and the lower limbs. According to the calculation principle of K, the K is higher when the impedance of corresponding limbs has significant differences. The result shows that the increase of effusion volume improves the K value of ECW, and the K of lower limbs ICW and the upper limbs have little variation.
V. DISCUSSION
The rats were used in the experiment, and the NaCl solution is injected into the joint as the effusion. The operating process of solution injection can be used as the formation of effusion. The measurement results are related to the conductivity of the effusion, and the feature variation of the effusion is chronic. Therefore, the evaluation in phases can improve the accuracy of the assessment. The five-section model of rat is similar to the structure of humans, and this feature makes the method provided in this paper can be used on people. However, the distribution ratio of weight is different between the human and the rat, and the measuring condition is also different (rat is anesthetized in the measurement). The measurement process needs further refinement to guarantee the accuracy of effusion detection, for example, the control of posture and the location of electrodes. In this method, the accuracy of the electrode point is essential, especially the electrode symmetry in both lower extremities and both upper extremities. Accord to the fundamental of bioimpedance measurement, the changes in body posture can affect the measuring result. The subject needs to keep motionless in the measurement. However, the whole measuring process requires about 20 minutes. It is hard for the participant to keep still in the measuring process. So, the detection method needs improvement to cut down measuring time. In the five-section model, the laying angle of lower limbs is symmetrical, and it is the same for the upper limbs. In the detection, the subject required a reference object to guide the proper posture. The personalized detection method can enhance the efficiency of estimating effusion.
The accuracy of the effusion assessment method will reduce when the lower limbs both have effusion. In this case, the impedance result of upper limbs ECW can be used as the reference object to assess the effusion of lower limbs. However, the structure of the upper limbs is different from the lower limbs. In the process of assessment, the impedance information of upper limbs ECW needs proper treatment to avoid the error from tissue difference.
In the reference evaluating method, the impedance of ECW is regarded as the measured object, and the sectional model can measure ECW and ICW impedance of all limbs. In the results section, the relative value of impedance change is used to show the impact of joint effusion on the impedance of ECW. It is clear that the data on impedance have been under-used; further research is needed to dig the valuable information.
VI. CONCLUSION
The sectional BIS effusion measurement method is designed based on the electrical properties of tissue and the structural characteristics of the rat. The impedance of ECW is measured to evaluate the degrees of effusion. In the measurement, the five-section model is used to measure the ECW and ICW impedance of all limbs. In the injection experiment, the ECW impedance of the injured limb has a significant reduction when the NaCl solution was injected into the joint as effusion. The experiment result shows that the sectional BIS method can detect the effect of effusion on the impedance of the limb. The impedance of ECW has a distinction when the limb has a different volume of effusion. The results indicate that the impedance values decrease with the increase of effusion volume. The absolute value of impedance relative change amount between the healthy limb and the injured limb is used to show the severity of effusion when the healthy limb is set as a diagnostic basis. The impedance relative change value has a significant increase when the weak limb has a large volume of effusion. The experiment shows the sectional BIS can be used to evaluate the existed effusion, and it can provide a reference for instrument design.
